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Abstract
Recent interest in improving pedagogical approaches in science, technology, engineering, and 
mathematics (STEM) fields has stimulated research at many universities. Several educational 
methodologies are reviewed in the context of manufacturing and through the lens of sustainability. It is 
found that there is a need to identify and understand the STEM educational challenges, and to assess the 
usefulness of existing methodologies using case-based analyses. In particular, this research aims to 
support student learning in manufacturing engineering through real-time process evaluations. A
pedagogical framework is presented that can assist engineering educators in developing learning
modules in support of this goal. The framework encompasses four steps: define the learning outcomes, 
create instructional resources, create active learning resources, and create a summative assessment
mechanism. The framework emphasizes engagement of manufacturing engineering students in 
psychomotor learning, which remains a challenge due to the high cost of instructional laboratories. The 
framework is applied to develop a participatory pedagogy for manufacturing courses through the use of 
computer numerical control of manufacturing operations, and real-time monitoring, visualization, and 
data analysis of machine energy use. The framework is demonstrated for upper-level undergraduate and 
graduate manufacturing engineering courses at two universities (i.e., Computer-Aided Design and 
Manufacturing at Oregon State University and Precision Manufacturing at University of California, 
Berkeley). It is found that the framework can effectively support learning module development in 
manufacturing engineering education.
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1 Introduction
The global challenges of the 21st century include energy depletion, water scarcity, and growing 
emissions levels (McCool and Stankey, 2004). Existing curricula and courses are deficient in training 
engineers to overcome the emerging manufacturing challenges through the lens of sustainability (Allen 
et al., 2009). Allen et al. (2009) identified several gaps in engineering curricula and courses, which 
include the lack of courses (e.g., sustainable engineering), the lack of engineering educators’ expertise, 
and the lack of technical materials to support educators. Thus, there is a need to understand and address 
the educational challenges identified in prior work, and, subsequently, to assess the usefulness of 
existing engineering educational methods through case-based analyses. Case-based analysis is a bottom-
up method that can be applicable in teaching environment by using practical test cases in a classroom 
(Quinn, 2006).
One of the key solutions to overcome the identified challenges is the pursuit of new learning 
approaches for engineering education (Allen et al., 2009). In particular, to address the deficiency in 
engineering curricula for training engineers versed in analyzing and solving technical challenges, while 
being cognizant of relevant economic, environment, and social issues, sustainable manufacturing must 
be integrated as a curricular specialization through the development of scaffolded (instructor-supported)
learning materials (Kumar et al., 2005; Jawahir et al., 2007).
In addition to the continued development of novel manufacturing processes, recent interest in smart
manufacturing and automated process planning supported by new technologies and standards (e.g., 
machine interoperability standards) has stimulated research and educational developments (Davis et al., 
2015). Recent advances in manufacturing technologies and tools can address current challenges in the 
engineering field. Manufacturing organizations need new solutions to improve their efficiency, and 
subsequently, reduce overall cost through new emerging technologies. Sensors and sensor networks for 
process monitoring and real-time control have emerged to support sustainable manufacturing efforts
(Lajevardi et al., 2014). These technologies can be adapted to the learning environment to support 
mechanistic understanding of manufacturing processes and process performance, in addition to 
familiarizing students with the application of sensor technologies and monitoring and analysis 
approaches.
While moving from manual assignments to computer- and machine-based activities, especially using 
team-based assignments, would be reflective of industry practice (Laughlin et al., 2006; Ferster, 2014),
this approach faces several pedagogical challenges. Limited access to manufacturing facilities may be 
possible, depending on the location of the university to these resources. Yet, even if available,
difficulties arise with visit logistics (e.g., student travel and availability of facility personnel), and can 
place a strain on the facility, especially for repeated public visits. These challenges have led to inherent 
disconnects between student learning environments and actual manufacturing environments. This 
situation demands the development of campus-based instructional capabilities to support manufacturing 
engineering education. Specifically, equipment and scaffolded learning materials are needed to support 
hands-on experimentation and analysis and real-time monitoring and control of manufacturing 
processes. Training of future engineers in this manner will enable the continued performance 
improvement of manufacturing industry beyond addressing technical process challenges, but also in 
addressing broader sustainable manufacturing challenges through life cycle assessment, energy 
monitoring and analysis, process optimization, social assessment, and other approaches.
Thus, the overarching goal of this work is to improve student understanding of smart and sustainable 
manufacturing at the macro and micro level and to bridge the gap between knowledge discovery and 
technology implementation in manufacturing. The specific goal is to develop a pedagogical framework 
to assist engineering educators in developing learning modules, and subsequently, supporting student 
learning in sustainable manufacturing engineering. The framework presented here focuses on 
developing active learning resources to improve participatory pedagogy and educate 
undergraduate/graduate engineering students in various manufacturing areas (e.g., sustainable 
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production, manufacturing process performance, and energy analysis). Subsequently, this work explores 
whether these active learning resources and tools are conducive to meeting manufacturing engineering 
course learning outcomes (e.g., the effect of process parameters on machine energy use), as well as 
comparing and critiquing existing educational approaches, especially in machining processes and real-
time data analytics.
This study presents an integrated active learning approach for machine- and data-driven 
manufacturing, which involves the use of computer numerical control (CNC) machines, real-time data 
visualization, and machine learning technologies to improve the quality of manufacturing education.
Through the integrated approach presented herein, manufacturing engineering students will gain insight 
into defining system boundaries to accomplish effective analyses of parameters for creating discrete 
manufactured products. Additionally, students will better understand the purpose for smart
manufacturing development and the role of conventional subtractive processes by considering the 
cumulative sustainability impacts through real-time monitoring and analyses. This module framework 
is applied for two manufacturing engineering courses to assess the effectiveness of the proposed
framework and active learning approach.
2 Background
The science, technology, engineering, and mathematics (STEM) fields are changing rapidly, with 
more change reflected in engineering, due to emerging global needs and challenges (Holdren et al., 
2013). Over recent decades, growing global population has escalated the demand on materials and 
energy use, as well as discharge of wastes (Reddy et al., 2000). Engineering plays a key role in economic 
security, quality of life, and conservation of natural resources. Manufacturing and sustainability are the 
two of the main aspects of engineering that promote innovation and industrial competitiveness through 
science, technology, and standards (Haapala et al., 2013). The integration of manufacturing and 
sustainability creates an effective and efficient infrastructure for academia and industry to strive towards 
production that meets the needs of a developing global society. Hence, the knowledge of various 
engineering domains must be integrated into manufacturing engineering curricula. Herein, the 
integration of advanced manufacturing and sustainability decision making is in focus, but the approach 
is generally applicable to other domains.
Sustainable manufacturing has improved the performance of the U.S. industry through innovation 
and technology to create complex, yet reliable and affordable products (Shipp et al., 2012). Integration 
of subtractive and additive manufacturing processes can aid advanced manufacturing by realizing low-
cost, rapid manufacturing of high precision, tailored products, along with elimination of restrictions and 
tooling assumptions associated with conventional manufacturing processes (Manogharan, 2014). New, 
low-cost additive manufacturing equipment can complement automated machine tools to expand the 
student design and manufacturing space. Student understanding of hybrid manufacturing, or the 
integration of subtractive and additive processes, can be fostered, while offering the opportunity to 
explore the existing technical and sustainability challenges of manufacturing processes.
Bloom (1956) proposed a taxonomy to motivate student thinking during learning. Bloom identified 
three learning domains: cognitive (knowledge), affective (attitudes), and psychomotor (skills). The 
cognitive domain encompasses mental abilities and skills, and has six categories: knowledge, 
comprehension, application, analysis, synthesis, and evaluation. The affective domain encompasses the 
areas of emotions and feeling (e.g., enthusiasm, appreciation, and motivation), and has five categories: 
internalizing values, organization, valuing, responding to phenomena, and receiving phenomena. The 
psychomotor domain encompasses physical activities, such as operating a complex machine, and has 
seven categories: origination, adaptation, complex overt response, mechanism, guided response, set, and 
perception. Additionally, Kolb (1985) developed a conceptual learning cycle that explores two 
dimensions: “perceiving,” which means gaining new information and “processing,” which means 
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making sense of things (Figure 1). Kolb classified the learning cycle into four phases: feeling (gaining
an experience), reflection (achieving observations), thinking (forming into concepts), and doing
(involving in active experiments). Applying Kolb’s learning approach to adults, such as engineers,
transforms “perceiving” through concrete experience and reflective observation, to “processing” 
through conceptualization and active experimentation. To develop an approach for conceptual learning 
in engineering, especially manufacturing engineering, educators need to fill the addressed gaps (e.g., 
lack of expertise and technical materials).
One of the main gaps in engineering education is lack of technical materials to assist in providing a
proper learning environment for students through the use of educational technologies, such as computer-
and machine-based technologies (Ferster, 2014). Additionally, engineering educational systems require
educated and skilled instructors to educate students by using effective pedagogies (e.g., campus-based 
practices and evidence-based approaches) that actively engage students in their own learning, instead of 
using traditional lecturing (Singer and Smith, 2013; Horn and Kamata, 2014). The use of scaffolded 
learning experiences can assist instructors in actively engaging students in learning.
Generally, three steps are undertaken in creating a scaffolded learning experience: literature review, 
module development, and assessment and validation. In the literature review step, peer evaluation can 
be used to classify existing educational methodologies in the context of manufacturing to support
instructors of various courses using different teaching styles. The module development step comprises
two phases (i.e., development of instructional resources and active learning resources) to foster students’ 
learning. Lastly, the assessment and validation step seeks input from students (e.g., pre-tests and post-
tests) to evaluate the effectiveness of the module framework. Scaffolded educational materials thus 
enable an instructor-supported learning environment (Gibbons, 2002).
Recent studies indicate that active learning leads to improvements in learning efficiency and 
effectiveness (Freeman et al., 2014). Freeman reported that active learning offers greater benefit than 
traditional lecturing across the STEM disciplines, exhibiting an average examination score improvement 
of about 6%. Since innovation and technology play a key role in industry, manufacturing education has 
the potential of using active learning resources and educational technologies to create more effective 
pedagogical methods than traditional learning experiences (e.g., classroom lecture and textbooks) 
(Singer and Smith, 2013). For example, use of real-time data analytics as an active learning approach
Figure 1. Conceptual learning cycle (Kolb, 1985)
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for monitoring, visualization, and prediction of various parameters can greatly improve sustainable 
manufacturing education. Applying computers and machines in evidence-based teaching to build 
conceptual learning in engineering and manufacturing courses can maximize student achievement and 
improve competency and skills (Ferster, 2014). Introducing CNC machines (e.g., milling and turning) 
into engineering curricula as an active learning source can contribute to learning from the intersection 
of technology and education. CNC machines radically changed manufacturing industry after World War 
II due to their reliability and accuracy in fabricating simple and complex parts, such as those in the 
aerospace and defense industries (Levine, 1996).
Similarly, advances in sensor technologies and development of standards in smart manufacturing 
have made it possible to retrieve real-time data efficiently from machine tools (Teti et al., 2010), thereby 
enabling access to manufacturing information from the classroom via the internet. Prior research has 
shown that real-time data can be used for machine tool monitoring to support sustainable manufacturing 
education. The MTConnect standard has emerged to efficiently extract real-time data and develop 
machine learning models for equipment and process characterization, and energy prediction and 
monitoring (Vijayaraghavan and Dornfeld, 2010; Bhinge et al., 2014). The MTConnect standard is an 
interoperability standard that facilitates archiving, accessing, and retrieving operational data from 
manufacturing equipment (MTConnect Institute, 2015). Machine tool monitoring is a very important 
feature in precision manufacturing. Using block-by-block operational data, a machine learning model 
can be developed and trained for energy prediction (Park et al., 2015b). Previous research has shown 
over 95% accuracy in these energy predictions, which points to the fact that the MTConnect data can be 
used as a reliable source for machine tool monitoring and anomaly detection. Real-time online 
algorithms for energy prediction have been developed in previous and on-going research (Park et al.,
2015a). Simultaneous visualization of actual and predicted energy consumption can give insights into 
the manufacturing process and sustainability challenges, such as unexpected energy spikes and 
increasing trends in the energy consumption due to tool wear.
In spite of the recent advances in manufacturing machine tools, real-time data collection software 
and data collection protocols, the manufacturing engineering education system relies heavily on 
traditional lecturing methods, and rarely considers current global needs and challenges. In the next 
section, a learning module development framework is presented for creating scaffolded learning
modules to support student training in smart and sustainable manufacturing. The approach ensures that 
modules will address various learning styles and encompass the different phases of Kolb’s learning 
cycle. The scaffolded learning modules integrate the instructional resources with active learning to 
facilitate content comprehension, connecting learning goals, and clarify the subjects.
3 Methodology
The method presented herein provides a framework to assist educators in developing learning
modules for engineering courses. The learning module framework aims to foster student learning and 
immersion into engineering courses through experimentation (psychomotor domain), and analyzing and 
evaluating (cognitive domain). Psychomotor development has traditionally received less attention due 
to increased resource needs (e.g., lab equipment). The presented learning module framework (Figure 2)
includes four steps: 1) define the learning outcomes, 2) create instructional resources, 3) create active 
learning resources, and 4) create a summative assessment mechanism. Each step consists of different 
phases to aid module developers achieving the overarching goals (learning objectives) of the module. 
Learning Outcomes define the objectives of a learning activity and aid educators to address the needs 
of learners. Instructional Resources provide materials for the instructor and students, including general 
background information on the explored subjects (e.g., sustainable manufacturing, subtractive 
manufacturing, and process analysis), which are created to support instructor learning. A supporting
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Figure 2. Learning module development framework 
lecture slide-set would assist the instructor in delivering the fundamental concepts to the students. Active 
Learning Resources that emphasize participatory pedagogy include preparatory assignments, e.g., in-
class examples (more instructor involvement) and homework problems (independent learning or less 
instructor involvement), as well as hands-on experiments (laboratory activities). These resources assist 
students in the analysis and evaluation of manufacturing processes, while scaffolding learning from a 
higher level to lower level of instructor support. Summative Assessments provide feedback from 
participants to validate the level of success and guides improvement of module materials. The main 
focus here is on the third step of the framework (i.e., create active learning resources) to help address 
the lack of resources to support the psychomotor and cognitive domains.
Figure 3 indicates the main manufacturing functions, which are connected through active 
experimentation and real-time data analytics as a multi-disciplinary approach to manufacturing
engineering education. Each of the manufacturing functions requires relevant engineering topics to be 
taught using instructional resources and supporting laboratory activities to solidify learning. Active 
experimentation can teach undergraduate and graduate students about the effect of product and process 
parameters on manufacturing performance through process-based materials and energy measurement 
and analysis. Hands-on activities in the presented learning module framework are supported by new 
Figure 3. Manufacturing functions and integrated active learning approaches (shaded boxes)
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manufacturing technologies to facilitate education. The following two phases are reported to support the 
active learning resources: Reflective observation of active experimentation (Phase 1) and Real-time data 
analytics of a process (Phase 2).
Phase 1. Reflective Observation of Active Experimentation
This phase facilitates effective and flexible learning through iterative processes, ranging from 
reflective observation of the lecture topics (more instructor involvement) to active experimentation
(more independent learning). The main focus of this phase is placed on integrating current engineering 
education with machine-based laboratory activities and team-based assignments. This phase dedicates
class time to hands-on laboratory projects, along with in-class and homework problem-solving.
Laboratory activities play a key role in engineering education through observation, thinking, and 
conducting experiments. This teaching style integrates conceptualization and active experimentation
through mixing both cognitive and psychomotor learning domains to boost higher forms of thinking.
Implementing team-based curricula involves students in educational activities that can improve
learning depth and retention, as well as increasing learning speed and enjoyment (Dym et al., 2005).
The interaction with students in either large or small classes is focused by using a dynamic learning 
environment to increase class participation and critical thinking (metacognition). Team-based activities
motivate students to engage course contents at an application level (level three in cognitive domain)
through the gathering of inputs from other teammates. Working in teams improves students’ social skills
(e.g., communication), which are necessary for cornerstone and capstone project-based courses (De 
Graaf and Kolmos, 2003; Dym et al., 2005).
The major benefit of team-based approaches in engineering courses is deep learning by working 
together to achieve a common goal. Team-based assignments integrate students’ capabilities and enable 
them to work collaboratively towards an optimal solution and to learn how to function in industry-like
projects. On the other hand, use of computer- and machine-based tools as a service offers many benefits 
not only to manufacturing industries, but also to academia (Figure 4). Some of the benefits for both 
academia and manufacturing industry include product development (design, testing, and fabrication) in 
a single tool and providing an environment for manufacturing teams to collaborate on product 
development process through the use of new technologies, and subsequently improve the sustainability 
aspects of product design and manufacturing by addressing global challenges.
Phase 2. Real-Time Data Analytics of a Process 
Hands-on education on manual machine tools (e.g., manual mills and lathes) and CNC machines is 
an integral part of manufacturing education. The lack of visibility and control into these automated 
processes is one of the key challenges in using CNC milling and turning machines. Burrs, chips, and
flood coolant often obstruct the view of the machining process, and it is extremely difficult to visualize
Figure 4. Active learning resources from part design to fabrication through computer- and 
machined-based tools
Design Part Generate NC Code Input Code Machined Part
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the operation in progress until the part is completely machined. This phase facilitates efficient collection,
processing, and analysis of real-time data from a variety of manufacturing equipment using MTConnect.
In view of this advancement, several applications of real-time analytics essential for deep understanding 
of manufacturing processes, along with sustainability assessment, have been identified and discussed 
below. 
Real-time data feedback to computer-aided manufacturing (CAM) is essential to understand the 
effect of manufacturing parameters on the overall energy- and time-efficiency of the final product. 
Additionally, real-time data analyses of different toolpaths can result in choosing a more energy-
efficient alternative to make the same part in a similar amount of time. In order to understand these 
trade-offs, students can try out different toolpaths generated by CAM software and analyze the final 
energy consumption pattern to improve sustainability performance. Overlaying the energy consumption 
pattern over the toolpath allows students to understand the effects of process parameters on output 
energy, quality, and cycle time.
Real-time operational data can be extracted from the target machine tool through the development 
of the MTConnect standard. The different types of data typically extracted are depicted in Figure 5. This
approach was demonstrated on a Mori Seiki milling machine tool (Park et al., 2015b). The instantaneous 
positions can be extracted from the block of code being processed in real-time. This information can be 
condensed and a block-by-block simulation can be demonstrated in real-time as the processing is 
unfolding in the machine tool (Bhinge et al., 2014).
The outputs (e.g., results, simulation, and visualization) provide students a representation of the 
toolpaths, the ongoing machining process, instantaneous geometry, and type of operation (Figure 6),
which is enriching information due to the typical lack of visibility and control inside the machine tool.
Insights can be obtained from contextualized data and visualization, such as by observing the increase
in energy consumption with conventional milling, as opposed to climb milling. Such insights can lead
to deeper understanding of the manufacturing process at a granular level and promote achievement of
triple bottom line (i.e., economic, environmental, and social) goals.
4 Case Studies
The learning module framework emphasizes the development and evaluation of effective active 
learning resources for real-time monitoring, visualization, and data analysis through computer-,
machine-, and team-based activities. The results include interactive and graphically-oriented cases that 
can help students learn these aspects and reduce the limitations of manufacturing courses. Two case 
scenarios are applied in engineering courses at two universities to demonstrate the application of the 
Figure 5. Extracted data from the power meter and machine tool using MTConnect
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Figure 6. (a) Target machine tool used at UC Berkeley, a Mori Seiki NVD1500, (b) 
manufacturing simulation results from processing of MTConnect data for the target machine 
tool, and (c) a machine monitoring visual based on a learned model
framework, and subsequently, to aid understanding of the importance of active experimentation in 
manufacturing engineering courses through machining and real-time data monitoring and visualization.
4.1 Computer-Aided Design and Manufacturing Course
Computer-based design or computer-aided design (CAD) addresses the product design function in 
manufacturing, while computer-based manufacturing systems or computer-aided manufacturing (CAM) 
supports manufacturing planning and control (Fig. 3). The integration of CAD and CAM is implemented 
to support shopfloor manufacturing activities, and facilitates information flows and provides input data 
required for production planning and scheduling, as well as part production. The main benefit of 
CAD/CAM tools is to define potential processing errors, which often are unnoticed without using 
computer aided engineering systems. CAD/CAM can be used to assist part design, generation of CNC 
code (G-code), and visual simulation of toolpaths before machining. Without the use of CAM, these 
functions were performed independently, with a programmer creating and editing the NC code for input 
into the machine tool. The major advantages of CAD/CAM systems include rapid creation and visual 
verification of part geometry, tool paths, and motion commands.
A senior-level undergraduate CAD/CAM course (ME 413) has been offered over the past twenty 
five years at Oregon State University. It currently covers several topics in manufacturing, i.e., product 
data management, manufacturing process modeling, CNC mill operation, industrial control systems, 
programmable logic control, rapid prototyping, and virtual manufacturing. Figure 7 illustrates the 
application of the learning module framework for the course, and includes all four defined steps in the 
framework to aid in developing a learning module for this course. The course has several computer and 
machining laboratories to instruct students on various engineering tools in several extended areas of 
a
b
c
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Figure 7. Learning module schematic for a Computer-Aided Design and Manufacturing course
product design and manufacturing. Learning activities engage the students to learn: 1) how to design a 
part in a sustaining engineering environment, 2) how to generate an NC program using CAM software, 
and 3) how to develop and verify assembly sequences using virtual manufacturing software. These cover 
computer- and team-based activities from the first phase of the proposed module.
Apart from the mentioned activities, this class has several machining laboratories that train students 
to use machine tools (e.g., CNC mills) to fabricate parts. These hands-on laboratory activities facilitate 
psychomotor learning aligned with training new tools to solidify learning and to engage students in 
feeling, reflection, thinking, and performing. Machine-based activities in the course offer a powerful 
learning approach for fostering student understanding through an iterative process, since idiosyncratic 
CAD/CAM problems often are not identified until final part production. Engineers benefit from training,
using a visual approach to identify the errors and correct them to deepen, broaden, and organize personal 
understanding by recognizing process idiosyncrasies and identifying challenges for future development.
4.2 Precision Manufacturing Course
Many of the world’s largest manufacturing enterprises rely on precision manufacturing (PM) to 
reduce cost and optimize their product form and function. Precision, which is defined as the repeatability 
of a process to achieve the same target result within a specified confidence interval, is an integral 
manufacturing skill for engineers to learn, develop, and master. In order to better prepare students for 
their career goals, these applications are used as software platforms for experimental projects in the 
Precision Manufacturing (ME 220) graduate course at the University of California, Berkeley.
This course includes hands-on activities related to lecture materials that use new technologies to 
educate students on modern precision manufacturing techniques (e.g., data-driven manufacturing or 
sustainable manufacturing). Based on prior pedagogical development for innovation and 
entrepreneurship education (Bhinge et al., 2015), an attempt is made in every class session to offer five 
minutes of hands-on activities related to the material taught that day or on any general, yet related topic, 
to help students internalize important course concepts and motivate the topic of that session. These short, 
hands-on group activities with a follow-on debrief help achieve several important teaching objectives:
Machine-driven Manufacturing Learning Module into CAD/CAM 
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1) The students are put to work, engaging their hands and minds
2) The students are forced to think under time pressure, yet without any penalizing consequences 
for contributing “wrong” answers
3) The constraints to the activity encourage innovation and out-of-the-box thinking
4) Students learn from each other in small teams during the debrief
5) Results can be digitally crowd sourced and optimal solutions can be identified
Executing these five-minute hands-on activities have also uncovered and provided data to support 
group dynamics such as culture, age, and other student demographic characteristics that have a dramatic 
impact on innovation and proposed solutions to each challenge. These challenges can also be tailored to 
reinforce important course objectives, challenging technical concepts and other learning objectives.
Figure 8 illustrates application of the learning module framework for the PM course, and includes all 
four defined steps in the framework to aid in developing a learning module for this course.
This course has several unique active learning resources that empower the educators to achieve the 
overarching goals. In order to keep abreast of the rapidly changing and evolving manufacturing 
environment, a new section on data-driven manufacturing has been introduced into the PM 
Manufacturing course curriculum. Data-driven manufacturing improves process efficiency, machine 
tool efficiency, throughput, uptime, and productivity at various levels in the manufacturing enterprise. 
With new technologies, research, and initiatives, such as the fourth industrial revolution (Lee et al., 
2014) and the industrial internet (Evans and Annunziata, 2012), data-driven manufacturing is being 
viewed as the next major change in the manufacturing industry. A lecture on data-driven manufacturing 
is designed to bring students up-to-date with the latest advances in the field. An anonymous class survey 
(26 of 48 students responded) proved the efficacy of this topic being added to the PM curriculum (Figure 
9).
Since precision manufacturing is an applied science, a hands-on industry-defined problem is added 
to the course curriculum in place of a traditional written assignment. The industry-defined problem is a
problem currently faced by a particular industry in the context of precision manufacturing. This problem
Figure 8. Learning module schematic for a Precision Manufacturing course
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Figure 9. Perceived usefulness of the data-driven manufacturing lecture in ME 220
could be as broad as the interconnectedness of machine tools or as narrow as designing a metrology 
fixture for a precision ground part of a particular manufacturer. The goal of this industry-defined 
problem is for students to form teams and solve an open-ended precision manufacturing problem which 
has direct benefits to either an industry or a particular manufacturer.
In Fall 2015, the class formed teams (4-5 students) to design a precision metrology fixture for a
grinding manufacturer in San Leandro. The problem was open-ended and required the solution to be 
cost-effective, as well as precise. An anonymous survey at the end of the course revealed the 
effectiveness of including an industry-defined problem in the curriculum along with other traditional 
hand-written assignments (Figure 10). Overall, an equal number of students found traditional 
assignments not as useful (Figure 11), which indicates strong support for novel, industry-relevant 
assignments.
5 Conclusions
Since new technologies offer several benefits to manufacturing organizations, the educators should 
develop laboratory activities and take advantage of the benefits to increase active engagement, improve 
communications, and incentivize collaboration. Learning the next-generation technologies enables 
students and engineers to innovate and create new solutions for the current and future challenges in the 
Figure 10. Perceived usefulness of including an industry-defined problem in ME 220
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Figure 11. Perceived usefulness of traditional written assignments in ME 220
modern world. This study critiques existing engineering educational approaches and presents a method 
to assist educators in developing a learning module by using a learning module development framework.
The overarching goal of this framework is to create a conducive student learning environment in the 
context of smart and sustainable manufacturing, by providing pedagogical support for experimental, 
real-time process evaluation. The presented pedagogical framework encourages students to exercise 
their data-analysis, communication, synthesis, problem-solving, and evaluation skills. The framework 
focuses on participatory (active) learning styles by incorporating multi-disciplinary phases of the Kolb 
learning cycle to enhance student outcomes from manufacturing engineering courses. 
The presented active learning steps proceeded in two phases: Reflective observation to active 
experimentation (Phase 1) and Real-time data analytics (Phase 2). These phases provide hands-on 
education on machine tools along with real-time data monitoring and visualization for process-based 
analysis to improve engineering education, especially achieving the educational goals in manufacturing 
courses. As discussed above, various learning modules have been proposed in engineering courses to 
foster the students’ learning and increase their interest and engagement. 
The proposed framework was applied for two manufacturing courses at two universities, and
demonstrated that it is a promising method for developing new learning modules in the engineering 
courses and curricula. The presented framework provides insights for instructors to apply effective 
educational strategies to address changes in technologies and learning styles, as well as ways to increase 
student interest in material presented.
The results of this study indicate that the students perceived the proposed hands-on learning module 
framework as being more useful than traditional written assignments for understanding the consequence 
of process parameters on machine energy use. Pre-tests and post-tests will be developed as a part of
future work to provide summative assessment to evaluate the effectiveness of the learning module
framework. The pre-test results will indicate baseline knowledge, while the post-test will indicate the 
level of learning acquired from the module. The data obtained will identify where the developed learning
modules will require improvements.
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